Mechanisms that imprint T cell homing to the small intestine have been well studied; however, those for homing to the colon are poorly understood. Recently, we found that these are distinct subcompartments of the gut mucosal immune system, which implies differential homing. Here, we show that colonic CD11c + APCs imprint CD8 + T cell preferential homing to the colon, in contrast to those from the small intestine that imprint CD8 + T cell homing to the small intestine, and that the differences are related to the variable ability of APCs to induce a4b7-integrin and CCR9 expression on T cells. Colon APCs also expressed lower levels of retinoic acid-producing enzymes that are known to control the mucosal homing of T cells. These findings are the first to our knowledge to directly demonstrate that colon APCs imprint T cells to selectively home to the large bowel, which is critical for the design of successful T cell-based therapies and vaccines, such as colon cancer immunotherapy and HIV vaccines.
Introduction
Selective homing to tissue-specific sites has already been demonstrated for many locations [1] [2] [3] [4] [5] [6] . As the majority of T cell responses are induced in draining (secondary) lymphoid structures that attract migratory DCs from peripheral tissues, it is vital for DCs-while presenting foreign antigens to the T cell-to also deliver the information about the location of the pathogen, so that when the T cell recirculates via the thoracic duct back to the blood stream, it can find the intruder more easily. T cell migration in steady-state conditions to small and large intestine depends on the same types of cell integrins (i.e., on a4b7 and aEb7); however, the requirement for chemokines in homing to the small and large bowel is differential: CCR9/CCL25 chemokine is needed to mediate the migration of T cells-both CD4
+ and CD8 + -to the small intestine, but not to the colon, and GPR15-for Foxp3 + T regulatory cells [7] in mice and some other CD4 + T cells in humans [8] -to the large intestine. Chemokines that control the migration of CD8 T cells to the colon are unknown, as is the mechanism of induction of their receptors. Previous studies have shown that the homing of T cells to the small intestine is imprinted by Peyer's patch DCs [1] [2] [3] . This homing was shown to be dependent on a4b7-integrin and CCR9 chemokine receptor expression on the T cells, induced by high levels of retinoic acid expressed by Peyer's patch DCs [9, 10] . Although we and others have demonstrated that rectal or colonic immunization induces differential homing to large and small bowel tissues, whether colonic APCs are able to induce selective T cell migration to the large bowel remain unanswered, and the mechanisms that control the induction of homing of CD8 + T cells to the large intestine or colorectal mucosa are not well understood.
Recently, using pH-sensitive nanoparticles to selectively deliver Ags to either small or large intestine, we found evidence that, surprisingly, effector and memory T cells do not easily intermix between these compartments, so that there are separate small or large intestinal responses [5] . Such selective responses imply different homing mechanisms, because if the homing receptors were identical, then the 2 subcompartments would always rapidly re-equilibrate, forming a single more homogeneous gut mucosal immune compartment.
Here, we show that CD8 + T cell homing to the large intestine is imprinted by colonic CD11c + APCs: naive TCR transgenic CD8 + T cells stimulated in vitro with colon-derived Ag-pulsed CD11c + APCs preferentially migrate to the large intestine, but not the small intestine, which is in contrast to T cells that are cocultured with small intestine-derived CD11c + APCs that preferentially home to the small intestine, but not the large intestine. CD8 T cell homing to the large intestine depended on a4b7 integrin, but not CCR9, and correlated with the differential expression of retinoic acid by these APCs. Understanding these homing mechanisms may guide the development of strategies to induce selective T cell homing to particular compartments where T cells are necessary to protect against particular infections, such as HIV, the transmission of which is often via colorectal or genital mucosa.
MATERIALS AND METHODS

Mice
The following strains of mice were used in these studies: C57BL/6 (Charles River Laboratories, Wilmington, MA, USA), CCR9 KO and b7 KO on a C57BL/6 background (both from The Jackson laboratory, Bar Harbor, ME, USA), and OT-1 (Taconic Biosciences, Germantown, NY, USA). Mice were housed under specific pathogen-free and Helicobacter-free conditions, and experiments were performed under protocols that were approved by the National Cancer Institute Animal Care and Use Committee. Immunizations C57BL/6 mice were immunized intrarectally by using a 22 gauge gavage needle or i.p. with the immunodominant SIINFEKL OVA peptide (25 mg; PolyPeptide Labs) and 7 mg mLT emulsified in DOTAP (Roche Diagnostics) adjuvant (10 mg), a cationic lipofection agent that has been demonstrated to protect peptides for intrarectal delivery and that promotes immunogenicity [11] . Ag-specific CD8 + T cells were detected by flow cytometry using APC-labeled SIINFEKL loaded H-2Kb tetramer (National Institutes of Health Tetramer Facility, Atlanta, GA, USA), viability dye, and Abs to CD8, CD3, CXCR3, CCR9, and a4b7.
Cell transfer studies
Quantitative real-time PCR
RNA from cells was isolated by using RNeasy Micro Kit (Qiagen, Germantown, MD, USA). RT-PCR was performed by using Taqman reagents RALDH2 (Aldh1a2, Mm00501306_m1; ABI) and Gapdh (Mm99999915_g1; ABI) using TaqMan Fast Advanced Master Mix (ABI Waltham, MA, USA). Ct values were estimated by using default settings and DDCt values were calculated as described elsewhere.
Statistics
Statistical significance was evaluated by paired or unpaired Student's t test as appropriate in each case, or by ANOVA together with Dunnett's Multiple Comparison Test, using Prism (GraphPad Software, La Jolla, CA, USA). A P value of , 0.05 was considered significant.
RESULTS
Colon CD11c
+ APCs selectively imprint CD8 + T cell homing to the colonic mucosa Effector memory T cells infiltrate many tissues in steady-state conditions, especially in mucosa-associated sites. Migration and the subsequent localization of the T cell to those sites depends on a unique combination of integrins and chemokine receptors expressed by a T cell. As it is thought that the induction of the immune response happens in the lymph node, although draining the tissue, but frequently not embedded within it, how T cells manage to acquire the information about where to migrate to during the activation is a longstanding question. Studies have suggested, at least in some cases, that APCs carry information with them to the lymph node that is later on passed on to T cells during the stimulation process. Tissue imprinting was demonstrated for small intestinal APCs [1] [2] [3] ; however, as small and large intestine T cells seem to have different migratory affinities, the question remained: do colonic APCs have a similar capacity to induce the homing, but to the colon only?
To answer this question, we adopted the approach of T cell imprinting that has been used in other studies [2] by incubating ova peptide-pulsed CD11c + APCs that were isolated from the colon, small intestine, or spleen as a control with OVA peptide-specific OT-I TCR transgenic CD8 + T cells for 3 d. We then reisolated T cells from these cultures, labeled them with CFSE fluorescent dye, and injected them i.v. into naive recipient C57BL/6 mice. Twenty hours later, we isolated gut mucosal tissues from recipient mice, and quantified the number of labeled CD8 + CD3 + T cells that had homed to either the small or large intestinal LP (Fig. 1) . As we gated on CD3 + cells (Supplemental Fig. 1 ), CFSE-labeled cells that were counted had to be T cells and not phagocytic cells that took up CFSE. In Fig.  1A (left), examining small intestinal LP confirms the previous finding [1] [2] [3] that CD11c + APCs from the small intestine induced homing of specific T cells to the small intestinal LP much more efficiently than did those from the spleen. Of interest, CD11c + APCs from the colon did not efficiently induce homing to the small intestinal LP (P = 0.002 vs. small intestinal CD11c + APCs), which was similar to the in vivo priming we observed earlier [5] . When we examined the colon LP, to which CD8 + T cell homing had not been previously investigated, we observed the reciprocal pattern (Fig. 1A, right) . CD11c + APCs from the colon imprinted homing to the colonic LP more effectively than did those from the small intestine (P = 0.02) or spleen. A similar independent experiment confirmed the same results (Fig. 1B) . These results confirmed our hypothesis that it was CD11c + APCs-primarily DCs-from each mucosal subcompartment that imprinted T cell homing back to that subcompartment.
Differential expression of homing receptors after intrarectal immunization or after culture with CD11c + APCs from different compartments
To determine which homing receptors were involved, we immunized mice with the SIINFEKL peptide intrarectally, compared with i.p., and examined the homing receptors that were induced (Fig. 2) . Receptors that were preferentially induced by immunization in the colon would be more likely to be involved in homing to those sites. We focused first on receptors that have been previously shown to be involved in homing to the small intestine, integrin a4b7, and chemokine receptor CCR9 [10, 12] . Integrin a4b7 was induced by intracolorectal immunization on SIINFEKL-K b tetramer-positive T cells in both the iliac lymph nodes, which are reported to be sites for DCs migrating from the distal colon [13] , and the spleen, but not by i.p. immunization. Thus, this integrin seems to be induced selectively or imprinted on circulating T cells-in spleen and lymph nodes-by colorectal exposure to Ag. In contrast, CCR9 was not induced by either immunization route at either site. Whereas it remains possible that CCR9 would have been better up-regulated by oral rather than i.p. immunization, it would be difficult to administer short peptides orally without degradation. These results motivated additional exploration of these receptors. As small and large intestinal DCs have a similar phenotype [14] , we wondered whether they might induce similar changes on the surfaces of coincubated primed T cells, despite their different migratory capacities. Therefore, similar to the experiment described earlier, OT-I TCR transgenic CD8 + T cells were cocultured with ova peptide-pulsed CD11c + APCs from each compartment for 3 d, but instead of using these T cells for adoptive transfer in vivo, we stained them for the expression of homing receptors (Fig. 3A and B) . As reported previously [2] , CD11c + APCs from the small intestine induced the up-regulation of both a4b7-integrin and CCR9; however, we found that those from the colon induced the expression of a4b7, but not CCR9 (P = 0.046), which was consistent with their preferential induction of homing to the colon, but not the small intestine, and implied the existence of another alternative way of attracting T cells to colonic tissue. Earlier studies [15] have shown that the expression of CCR9 and a4b7-integrin on T cells depended on a high level of retinoic acid synthesis by DCs, but CCR9 required higher levels than did a4b7. In our hands, although CCR9 was not induced by colon CD11c + APCs, a4b7-integrin was. To investigate a potential role of retinoic acid in the expression of a4b7-integrin, we compared RALDH protein expression levels by intracellular ALDEFLuor staining with flow cytometry mean fluorescent index in CD11c + APCs that were isolated from the colon or small intestine in 4 independent experiments (Fig. 3C ). Of interest, in 4 independent paired experiments, colon CD11c + APCs expressed consistently lower levels of RALDH than did small intestine CD11c + APCs in all 4 experiments (P = 0.007), which is consistent with lower levels being sufficient to induce a4b7 but not CCR9. The experiment was also independently confirmed by RT-PCR for RALDH2 mRNA expression (Fig. 3D ) in 3 independent experiments with 3 mice each. Thus, the differential level of RALDH in colonic vs. small intestinal CD11c + APCs could explain the differential induction of homing receptors, but also raises the intriguing possibility that another mechanism could be responsible for driving the levels of a4b7 on T cells by colonic CD11c + APCs.
(a4)b7-Integrin, but not CCR9, is required for T cell homing to the colon Because colonic CD11c + APCs selectively induced a4b7, but not CCR9, on CD8 + T cells, we asked whether that selective induction corresponded to a functional requirement for the former, but not the latter, in homing to the colon. a4b7, along with its ligand (MADCAM-1), are known to be critical components of mediating the migration to the small intestine [16] [17] [18] . To assess the level of dependency of T cells to be able to migrate to the colon on a4b7-integrin in our model, we used b7 KO mice, which, in addition to a4b7, also lack another important homing molecule, aEb7. To validate our findings that colon APC-primed T cells, despite a lack of CCR9, can migrate to the colon, we compared CCR9 KO with wild-type mice. In both cases, to induce the homing of CD8 + T cells from these mice to the small or large intestine, we gave the recipient mice mLT (R192G; a gift of John Clements, Tulane University), which has been widely used as a mucosal adjuvant by us and others [11, [19] [20] [21] . We delivered the mLT via oral or intrarectal routes to study homing to both the small and large intestine. Eight hours later, CFSE-labeled purified CD8 + T cells from WT or KO spleens were transferred i.v. to the recipient mLT-treated mice, and 20 h later, tissues were harvested and analyzed by flow cytometry for CD3 + CD8 + CFSE + T cells. In contrast to T cells from wild-type mice, those from CCR9 KO mice were deficient in homing to the small intestinal LP (Fig. 4A,  left) , as expected, but, in contrast, were found here to home normally to the colon (Fig. 4A, right) ; however, using T cells from integrin b7 KO mice, we found that this integrin is needed for homing to the colonic LP (Fig. 4B) . These results confirm the hypothesis that a4b7, but not CCR9, is required for CD8 + T cell homing to the colonic LP.
DISCUSSION
It has not been widely appreciated that the gut mucosal immune system is not all one compartment. Whereas it is expected that there should be some crosstalk, we recently found that we could immunize mice orally to selectively deliver Ag to the small or large intestine [5] . Doing so surprisingly induced preferential T cell responses in the small or large intestine, which indicated that these segments of the gut form separate mucosal immune compartments. A corollary to this result is that the homing receptors for T cells to traffic to these compartments must be different and determined by where the T cells were primed. If they were the same, then T cells that were primed in either segment of the gut would traffic to both, making the gut one homogeneous mucosal immune compartment. Our data, as well as that from other studies, suggested that different pathways are involved in the recruitment of lymphocytes to different anatomic parts of the intestine tracts [22] . It was recently reported that cecal patch DCs induce more CCL27 binding to IgA + plasma cells than do Peyer's patch DCs, which suggests a role in homing of plasma cells [23] . Whereas much was already known about T cell trafficking to the small intestine, little was known about trafficking to the colon. Because the site of priming seemed to matter, and because it was previously shown that Peyer's patch DCs induced homing of T cells to the small intestine [1] [2] [3] , we hypothesized that colonic DCs might imprint homing back to the colon. Indeed, we report here, for the first time to our knowledge, that that is indeed the case, and that CD11c + APCs from the colon and small intestine can differentially imprint Figure 2 . Intrarectal immunization induces a4b7, but not CCR9, on Ag-specific CD8 + T cells. C57BL/6 mice were immunized intracolorectally or i.p. with SIINFEKL OVA peptide, and 6 d later, CD8 + T cells from iliac lymph nodes or spleen were analyzed for staining by the SIINFEKL-H-2K b tetramer to determine Ag specificity and for a4b7-integrin (left) or CCR9 (right). Bars represent means 6 SEM. For a4b7, the difference between intracolorectal and i.p. immunization was significant (P = 0.007), whereas there was no significant difference between i.p. and intracolorectal immunization for CCR9. This experiment is representative of 2 experiments with similar results.
T cells for selective migration and differentially up-regulate the relevant homing receptors on those T cells.
We observed that CD11c + APCs from the small and large intestine reciprocally imprint homing of T cells back to the compartment from which they came. This difference in CD11c + APCs correlated with a difference in their ability to up-regulate the expression of a4b7-integrin and the CCR9 chemokine receptor on T cells: colonic APC induced the up-regulation of a4b7, but not CCR9. That regulation, in turn, correlated with different levels of the enzyme, RALDH, required for retinoic acid production. The difference in RALDH expression was recently also found in a study of lymph nodes draining the small and large intestine [24] . Accordingly, we found that CD11c + APCs from the colon induced a4b7-integrin expression in T cells, but not CCR9, and that, correspondingly, a4b7, but not CCR9, was required for T cells to home to the colon in contrast to the small intestine, which requires both [10] . This result could explain the lack of homing to the small intestine by T cells that are primed on colonic CD11c + APCs; however, it left us with the question of whether another chemokine receptor was needed instead of CCR9 to home to the colon. We investigated the role of several chemokine receptors that might promote selective CD8 T cell migration to the colon, including CXCR3, as it was found earlier to promote homing to the vaginal mucosa [25] and because there is evidence for T cell crosstalk between the colorectal and vaginal immune systems [4, 5] . Indeed, we found that, compared with the small intestine, the colon has a higher expression level of CXCR3 ligands in the steady state (data not shown); however, when using CXCR3 KO mice for adoptive transfer experiments, we observed that CXCR3 was involved in the homing of CD8 T cells to the colon only under inflammatory, not steady-state conditions (data not shown). In addition, when we tried to examine the up-regulation of chemokine receptors for which we could stain on T cells stimulated by colonic vs. small intestinal CD11c + APCs, we could not find any consistent selective upregulation by colonic CD11c + APCs of CXCR3, CCR6, CCR7, CXCR5, CX3CR1, or CXCR4. Therefore, it remains to be determined whether any chemokine receptor is the primary unique chemokine receptor for colon CD8 + T cell homing. Furthermore, chemokines/chemokine receptors are complicated systems with redundancy. For example, blocking of CXCL12-CXCR4 or CCL20-CCR6 systems have been found to be able to inhibit LP lymphocyte adhesion in the ileum and colon [26] , whereas an earlier study identified that only CCR9 is necessary and sufficient to guide T cell homing to small intestine, but CXCR4 and CCR6 were not sufficient for T cell homing to the small intestine [12] .
Most of the T cell homing studies focused on CD4 + T cells. In addition to chemokines, several other molecules have been demonstrated to play crucial roles in T cell trafficking. For example, SEW2871, a selective sphingosine-1-phosphate type 1 receptor agonist, has been shown to reduce the homing of T cells into colon LP in an experimental colitis mouse model [27] . Lymphocyte function-associated Ag-1 has been demonstrated to be required for the trafficking of T cells to the mesenteric LNs (MLNs) and homing of colitogenic effector cells to the colon in the induction of chronic colitis [28] . It was also recently reported that GPR15 is a chemokine receptor that is necessary for homing of T regulatory cells to large intestinal mucosa [7] . Although CD8 + T cells were not studied in detail, it did not seem that GPR15 was necessary for CD8 + T cell homing to the colon. Because no Ab is available to stain GPR15 on mouse lymphocytes (S. V. Kim, personal communication, July 26, 2016), they used GPR15-GFP knock-in mice to examine the expression of GPR15 in gut-homing T regulatory cells; however, for that reason, appropriate reagents were not available for us to study the effect of colonic DCs on the expression of GPR15 to + TCR transgenic T cells that were specific for the OVA peptide SIINFEKL were stimulated with this peptide and CD11c + APCs from small intestine or colon as in Fig. 1 . Four days later, T cells were stained for a4b7-integrin and CCR9 chemokine receptor and analyzed by flow cytometry. Both sources of DCs up-regulated a4b7, but only small intestinal DCs up-regulated CCR9. Representative flow plot (gates based on isotype controls; A), and means and ranges for 2 experiments using colon or SI CD11c + APCs pooled from 3 mice each (B). (C) RALDH levels in DCs from small intestine or colon were measured by intracellular staining using an ALDEFluor assay (Materials and Methods), and geometric mean fluorescent index (GMFI) is plotted for 4 independent matched pairs of tissues from 4 independent experiments (P = 0.007). (D) RALDH mRNA levels by RT-PCR showing SI vs. colon CD11c + APC pairs from 3 independent experiments of 3 mice each (P = 0.02).
rule out (or in) a possible role for this receptor, and no Ab we tested could detect this molecule on cells. A recent study also demonstrated that GPR15 plays an important role in the homing of murine dendritic epidermal T cells from the thymus to the skin [29] . Taken together, these data suggest that GPR15 might contribute to lymphocyte homing to diverse epithelial sites.
A number of important viral infectious diseases, such as HIV, hepatitis B virus, hepatitis C virus, and others, are transmitted via the colorectal mucosa. For this reason, focusing an Ag-specific CD8 + T cell response on the colorectal mucosa would be valuable in designing a vaccine to protect against the mucosal transmission of these viruses. Guiding the Ag-specific CD8 + T cell homing to the colorectal mucosa would be crucial for the prevention and eradication of colorectal cancers. There is precedent in the case of the lung, as intranasal immunization has been found to induce CD8 + T cells that express the mucosal integrin Ly49a that induced homing of T cells to the lung, where they were more effective in treating lung tumors [30] . Indeed, and also in this case, DCs from the lung were involved in inducing such homing. Because it seems that differential expression of retinoic acid by DCs is a key determinant of their imprinting of T cell homing to the colon, approaches to regulate retinoic acid production when T cells are primed could allow the manipulation of this homing. Thus, we believe that learning how to target T cells to the site of disease or disease transmission-in our case, the colorectal mucosa-could allow more effective vaccines to be developed to prevent or treat such diseases. 
